Abstract -This paper analyzes the origin and the behavior of saturation-induced saliencies in induction machines, and their influence on carrier signal injection based sensorless techniques. The modeling of saturation-induced saliencies is necessary for the estimation of flux position, while the minimization of their influence is desired for the estimation of rotor position. Specifically focusing on rotor position estimation, there are two ways to achieve this minimization, the first being the use of a machine design that reduces the magnitude of the undesired saturation-induced saliencies and the second being the compensation in the estimator of the undesired saturationinduced saliencies.
I. INTRODUCTION Sensorless operation of AC drives has been a field of intensive research during the past two decades. Though important advances have been made, and it is currently used in numerous industry applications, important limitations still exist that prevents its universal application.
It is now accepted that no single sensorless method is capable of controlling all types of machines or under all operating conditions. Techniques that rely on the back-emf of the machine have been shown to be capable of providing high performance field oriented control in the medium to highspeed range. As the speed decreases, and more specifically, the excitation frequency decreases, the parameter sensitivity of the methods becomes greater, and in the limit, they fail due to inobservability of the rotor quantities for dc excitation of the stator [1] [2] [3] .
An alternative method, based on the tracking of saliencies by means of an injected carrier signal excitation into the machine (voltage or current), has been recently proposed [4] [5] . This method has received a lot of attention from both academia and industry due to its capability of providing accurate, high bandwidth position and speed estimates even at zero speed and frequency. Two important characteristics limiting the widespread use of this method for general purpose induction machine drives are the lack of a significant saliency inherent to the machine design and the presence of parasitic saturation-induced saliencies, which are present in the machine for almost all levels of flux.
This paper analyzes and discusses the static and dynamic modeling of saturation-induced saliencies. The physical origin of such saliencies, their dynamic behavior under changing operating conditions, and the expected estimator performance with decoupling of the saturation-induced saliencies is covered.
II. COMPONENTS OF THE NEGATIVE SEQUENCE CARRIER
SIGNAL CURRENT When a balanced, poly-phase, carrier signal voltage vector is applied to a salient machine, the resulting carrier signal current vector can be used to estimate the position of the saliency [4, 5] . Though some types of machines, such as salient pole or buried permanent magnet synchronous machines, are deliberately designed to be salient, induction machines are designed and usually modeled as being nonsalient.
The assumption that induction machines are non-salient is in fact rarely, if ever, true (the saliencies are typically very small and not including them in modeling is usually a very safe assumption). Saliencies exist in standard induction machine designs due to non-linear magnetics (saturationinduced saliencies), even at very low flux levels, and due to the effects of rotor and stator slotting [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In addition, rotor position dependent saliencies can be created in several ways (deterministically opening the rotor slots in a spatial harmonic pattern [4, 3, [14] [15] [16] , modulating the rotor bars resistance or depth [7, 10] ) for the specific purpose of being tracked for rotor position estimation.
The simplest implementation of carrier signal based sensorless control is obtained when the spatial saliency present in the machine gives rise to a single harmonic in the negative sequence carrier current [4, 5] . Additional harmonics are often created by the presence of other spatial inductance variations, or saliencies. Negative sequence carrier signal current components can also be caused by implementation issues, such as inverter dead-time or current switching harmonics, and not by actual saliencies in the machine. Negative sequence carrier signal current trajectory and frequency spectrum in the negative sequence carrier signal reference frame with rated current and rated flux, ω e = 4 Hz and ω r = 1 Hz, using motor #1 in Table 1 . A carrier voltage of V c = 7 V and frequency of ω c =535 Hz were used Fig. 1 shows the negative sequence carrier signal current and the corresponding complex vector spectrum of a machine with an engineered rotor saliency operated at rated flux and rated load. From the figure it can be seen that the frequency of all the relevant components in the spectrum near the negative sequence carrier signal frequency, −ω c , are related to the electrical frequency, the rotor speed, or the combined effect of both. The harmonics can be categorized as follows: 1. The dc component corresponds to a stationary saliency. Unequal current sensor or amplifier gains and/or asymmetries in the machine are the most likely causes of this component. 2. The ±ω e harmonics have previously been reported and attributed to saturation [9, 13] . Some evidence exists that they are actually associated with switching harmonics and aliasing effects when sampling the phase currents [16] . 3. The 2ω r harmonic is due to the engineered rotor saliency created by opening the rotor slots as stated in Table 1. 4. Saturation-induced saliencies are the most likely source for the harmonics at 2,−4, 8,...Hz, i.e. components of the negative sequence carrier signal current at frequencies defined by (1) in the negative sequence carrier signal reference frame:
For the case of k=0, the primary saturation-induced harmonic is obtained, with a frequency ω cn cn k = 2ω e . In [13] it was shown that a potential explanation the rest of the harmonics is the saturation-induced saliency not having a sinusoidal spatial distribution and instead containing additional spatial harmonics, specifically even harmonics. 5. Finally, the interaction between the rotor saliency and the saturation-induced saliency give rise to an additional set of harmonics at frequencies defined by (2) :
Although these harmonics have a relatively small magnitude, they can still affect the estimation accuracy. The presence of any harmonics other than the desired harmonic (either rotor position dependent or the primary saturation-induced) will cause estimation error unless they are substantially compensated for or decoupled. The magnitude of this error depends on the relative magnitude of the desired component versus the magnitude of the additional components that are within the estimation bandwidth.
For rotor position estimation, increasing the magnitude of the rotor position dependent saliency can reduce the estimation errors due to secondary saliencies. However, significant practical limitations exist. First, the modification of the rotor to create a saliency compromises at a certain level the fundamental operation of the machine, e.g. decreased torque capability, increased ripple torque, etc. Second, even when the rotor slots are opened following a sinusoidal pattern, secondary rotor position dependent harmonics can be created due to the discrete nature of the rotor slotting and non linear behavior of the machine. The presence and magnitude of these secondary harmonics becomes more severe as the rotor slot openings are made larger in an attempt to increase the magnitude of the primary harmonic.
III. STATIC MODELING OF SATURATION-INDUCED SALIENCIES
As said in the previous section, only some of the components seen in the negative sequence carrier signal spectrum are believed to actually be caused by saturationinduced saliencies, these will be the focus of this paper. Saturation-induced saliencies are expected to give rise to frequency components in the negative sequence carrier signal current at frequencies according to (1) [13] . Since stator windings are designed to accentuate the fundamental spatial components and to attenuate higher spatial harmonics, the most relevant saturation-induced saliency has a period equal to the pole pitch and rotates at twice the fundamental frequency, 2 ω e , in electrical degrees.
Because of its relatively large magnitude, often bigger than the rotor saliency induced harmonic, compensation or decoupling of the 2ω e harmonic is necessary if reliable and accurate rotor position estimation is desired.
Modeling and measurement of saturation-induced saliencies has been analyzed in several previous works [5, 6, [9] [10] [11] [12] [13] , with the reduction of their effects approached from two different perspectives: 1) the minimization of the saliencies through motor design practices [4] , and 2) the decoupling of their associated negative sequence carrier current using data previously stored during a commissioning process [9, 10, 13] .
Up to now, changes in the machine design to reduce the effects of saturation-induced saliencies have not been the focus of much research. One example of how saturation can be substantially reduced through machine design process is the presence of a minimum air gap above each of the rotor bars [4] .
When decoupling of saturation-induced saliencies is used understanding their physical origin is important. The stator leakage flux, rotor leakage flux, and airgap flux all contribute, to some extent, to the overall saturation of the machine, and hence, to the presence of saturation-induced saliencies. Saturation-induced saliencies associated with the stator leakage flux are easier to compensate for since they depend on the magnitude and position of the stator current, which is measurable. Compensation of rotor leakage flux or airgap flux dependent saturation-induced saliencies is more difficult Table 1 . The motor was operated at rated rotor flux with the q-axis current varied proportional to the slip. A constant fundamental excitation frequency ω e = 4 Hz was used, the rotor frequency was varied from ω r = 4 Hz (slip=0 Hz) to 1 Hz (slip=3 Hz). A carrier frequency of 535
Hz was used since their magnitude and position are also dependent on the rotor current, which is not easily measurable.
The measurement of saturation-induced saliencies requires the determination of the magnitude and angle of the different negative sequence carrier signal harmonics under a steady state condition. While the magnitude is easy to obtain, measurement of the angle requires the establishment of a reference axis. Though this might seem a relatively minor issue, it plays a major role in the implementation of decoupling methods for saturation-induced harmonics. Two different reference axes are commonly found in the literature: the stator current angle and the rotor flux angle.
Using the rotor flux angle as the reference angle has an advantage in that angle is usually used to implement field orientation, and therefore, variables that can play a significant role in the creation of saturation-induced saliencies are already referred to it. Since the rotor flux angle can not be measured, but needs to be estimated, this creates a problem when indirect field orientation or a current model based flux estimator or observer is used for the rotor flux estimation, as is commonly done for low excitation frequencies. This issue will be analyzed in an upcoming section.
Using the stator current angle, on the other hand, as the reference angle has the advantage that it is exactly known. Nevertheless, this is an advantage only if the stator current position plays a dominant role in determining the position of saturation-induced saliencies. Table 1 , operated under the same condition stated in Fig. 2 machine #1 in Table 1 , with constant rotor flux and the q-axis current varied according to the slip frequency. Although five different harmonics are shown, it is noted that only two of them, those at 2 ω e and −4ω e are believed to be due to saturation-induced saliencies. An interesting fact that can be seen from the figure is that the phase of the 2ω e component barely moves for the changes in working conditions. This result strongly suggests that the stator leakage flux is responsible for the saturation-induced saliency that causes this harmonic. It should be noted that for the case of slip=0, i.e. ω r =ω e , the rotor position dependent harmonic at 2ω r and the saturation-induced harmonic at 2ω e coincide and are not distinguishable from each other, these points are marked with an ' * '. It is also noted that the phase angle for the 2ω r harmonic, shown in Fig. 2e , varies randomly for the different slips. This is expected since the rotor position dependent saliency and the stator current angle used as the reference angle are not related in anyway. Fig. 3 shows the same experiment for a machine from a different manufacturer, labeled as motor #2 in Table 1 . Though apparently having a similar design, the behavior of the 2 ω e harmonic is seen to be different, with its phase definitely moving as a function of the torque level. This suggests that other fluxes, in addition to the stator leakage flux, play a significant role in the creation of the saturationinduced saliency causing this harmonic. For this machine the angle of the 2ω e harmonic changed roughly 45º from the no load to the rated load condition. Since the 2ω e harmonic rotates at twice the rate of the flux causing the saliency, this means that the position of the flux causing that harmonic moved roughly 23º (in electrical units) as the q-axis current changed from zero to its rated value.
Additional insight into what flux, stator leakage, rotor leakage or magnetizing, actually causes a saturation-induced saliencies can be gained by analyzing the relative position between the fluxes. Fig. 4 shows a schematic representation of the currents and rotor flux position for different load levels in a two-pole machine. It is noted that the current vectors are by definition located 90 electrical degrees from the maximum current density location. Saturation due to the stator leakage flux would be aligned with the maximum current density spatial location. From Fig.  4a , rated flux and no load, it is seen that the rotor flux and the stator current maximum density positions are located 90º from each other. This means that if both the rotor flux and the stator leakage flux were responsible to a similar degree for the saturation-induced harmonics, the resulting negative sequence carrier signal components would be 180º out of phase and would, therefore, compensate for each other. From the figure it is also seen that, as the q-axis current is increased, the angle between the stator current and the rotor flux changes. The increase in that angle from no load to rated load condition depends on the ratio of rated q-axis current to rated d-axis current. This ratio changes with machine design, but it roughly varies from 45º for the case of small machines to more than 80º for the case of large machines. As a conclusion, if saturation-induced saliencies were mostly associated with the rotor flux, using the stator current angle as the reference angle would give rise to variations in the measured angle of the 2ω e component ranging roughly from 90º to 160º. On the other hand, similar variations should be expected if saturation-induced saliencies were mostly associated with the stator leakage flux and the rotor flux angle were used as the reference angle.
Using this theory, the experiments shown in Fig. 2 and 3 support the conclusion that the stator leakage flux plays a major role in the creation of saturation-induced saliencies for these two machines. Test conducted on other small machines, ranging from 0.75 up to 2.2 kW, from different manufacturers, showed similar results.
Comparing the results included in this paper for the position of 2 ω e harmonic with the results from other researchers is not a straightforward task since a variety of practical issues including machine design, inverter operation (switching frequency, dead-time,...), filtering (phase lags due to anti-aliasing filters, digital filtering,...), A/D converter resolutions and DSP capability, among others, influence the results. Despite these considerations, some conclusions from the reported results can still be reached. The magnitude and the phase of the 2ω e harmonic relative to the rotor flux position have been reported in [9] [10] [11] . The measured magnitudes in [10] and [11] agree, relatively, with the results shown in Fig. 2c and 3a , where the magnitude of the saliency increases with the fundamental current magnitude. The results reported in [9] are dramatically different. Concerning the phase variation of the 2ω e harmonic, the machine used in [11 - Fig. 5a ] behaved relatively similar to the results shown in Fig. 3a for machine #2 in Table 1 . It is noted that in [11] the saliency position instead of the 2ω e component angle was plotted. The machines used in [9] and [10] appear to behave similar to machine #2 in Table 1 whose results are shown in Fig. 3a, i .e. the 2ω e component angle shows a relatively small shift when the load changes.
IV. DECOUPLING OF SATURATION-INDUCED SALIENCIES a) Expected performance of decoupling
The compensation of saturation-induced saliencies using decoupling techniques has been proposed through the use of look-up tables, where the magnitude and phase of the most relevant saturation-induced, negative sequence carrier signal current harmonics are stored under specific, steady-state working conditions [9, 10, 13] . The overall robustness and accuracy of the resulting estimation depends on the accuracy of the compensation and will be influenced by the magnitude and harmonic order of the rotor saliency, the number and magnitude (relative to the magnitude of the rotor saliency) of the relevant saturation-induced harmonics, and the accuracy in the modeling (both magnitude and phase) of saturationinduced saliencies that are decoupled.
Eq. (3) shows the instantaneous position estimation error for the case of a machine with a rotor saliency when a single saturation-induced harmonic also exists and is decoupled:
where ∠ denotes taking the angle of the resulting complex vector, θ r and θ r are the actual and estimated rotor position in mechanical degrees, I cn1 and h 1 are the magnitude and the harmonic order of the rotor position harmonic in mechanical degrees, respectively, I cn2 and Î cn2 are the actual and estimated saturation-induced harmonic magnitudes respectively, h 2 is the harmonic order of the saturationinduced harmonic in mechanical degrees, θ e and θ e are the actual and estimated positions of the saturation-induced saliency, respectively, in mechanical degrees, and φ 2 and φ 2 are the estimated and actual phase shift of the saturationinduced component of the negative sequence carrier signal current relative to the position of the saliency. Fig. 5a shows a graphic representation of ( 3) and the improvement in the estimated rotor position with respect to the case of the saturation-induced saliency not being decoupled, (labeled as θ * r ). The maximum rotor position estimation error as a function of the saturation-induced harmonic estimation error can be obtained by evaluating (3) at its maximums. Fig. 6 shows the maximum of (3) obtained by numerically solving the equation for the case of I cn2 =Î cn2 , i.e. no estimation error in the saturation-induced harmonic magnitude. This assumption was included to simplify the analysis and will never be exactly true in practice. The solution was calculated as a function of the estimation error in the saturation-induced harmonic position and the relative magnitude of the saturation-induced harmonic with respect to the rotor position harmonic. Some interesting conclusions can be obtained from (3) and Fig. 6 . § Decoupling of a harmonic will decrease the maximum rotor position estimation error only when the decoupling angle (h 2 θ e + φ 2 ) error is limited. For the case considered, with no error in the decoupled saliency magnitude, this error limit would be 60º. For estimation errors in angle larger than 60º, decoupling would actually increase the maximum rotor position estimation error with respect to the case of no decoupling. An example of this is shown in Fig. 5b . § From Fig. 6 it can be seen that for the case of a saliency period equal to the pole pitch (a), the maximum estimation error is 45 mechanical degrees. This does not mean that the maximum estimation error can not go beyond that limit, but that if it does the estimated position will jump to the next stable operating point, 360/h 1 mechanical degrees away (90º for the case of a four pole machine and a rotor saliency that rotates at the same speed as the rotor). This jump will cause a The effects of such a jump on motion control depend on the application but they would be expected to be more severe.
§ The number of harmonics that need to be decoupled as a function of the desired accuracy in the estimated position can also be addressed using similar techniques to those used to create Fig. 6 . Nevertheless, the decoupling of any harmonic will first require an assessment of how accurately can it be modeled, both in magnitude and phase. Saturation-induced harmonics whose phase is closely related to the stator current angle (and therefore likely caused in some aspect by the stator leakage flux) can be mapped and decoupled with a relatively high accuracy. On the other hand harmonics closely related to any of the other fundamental excitation fluxes are more to difficult decouple. It is noted that these harmonics can be accurately mapped during a commissioning process if a position sensor is used in conjunction with a flux observer to estimate the flux position. Even so, the coupling between the flux angle estimation and the decoupling of the secondary saliencies is a major source for error under sensorless operation.
b) Rotor position estimation and flux angle estimation
Analyzing the coupling between flux angle estimation and rotor position estimation when saturation-induced saliencies are dependent on the airgap flux or rotor leakage flux (i.e. fluxes whose position can not be measured) is not easy. The flux angle estimation necessary for field orientation will use either a flux estimator or observer, which will have some error in its parameters. The resulting error in the flux angle estimate will cause errors in the decoupling of saturationinduced harmonics. Alternatively, errors in the model of the saturation-induced harmonics would cause similar behavior. Because of this, it is difficult to distinguish between, if even possible, the errors in decoupling that are being caused by an incorrect flux angle estimate from those due to an incorrect model of the saturation-induced harmonics.
To gain some insight into this problem, a simulation of a 2) Flux estimator parameter error Fig. 8 . Simulated field oriented control and position estimation of a machine with its rotor locked, using a current model based flux estimate with 1) no error in its parameters but a 10 electrical degrees error in the decoupling angle of the saturation-induced harmonic and 2) a 20% estimation error in the flux observer rotor resistance and no error in the decoupling angle of the saturation-induced harmonic sensorless controlled, field oriented induction machine was conducted, with the results shown in Fig. 8 . A current model based flux estimator, as shown in Fig. 7 , was used to estimate the rotor flux angle. The saturation-induced saliency was modeled as being dependent on the rotor flux position. For the first case shown in Fig. 8-1 , exact parameter estimates were used in the flux estimator, while an error of 10 electrical degrees in the angle modeling the saturation-induced saliency harmonic 2 θ rf + φ 2 existed. Because of this error, the decoupling of the saturation-induced saliency was incorrect, which then influenced the rotor position estimation. From Fig. 8-1 it is seen that despite the correct parameters of the flux estimator, error in the estimation of θ r caused estimation errors in the rotor flux angle θ rf ., affecting field orientation and also the decoupling of the saturation-induced harmonic.
If errors in the flux estimator parameters exist, a similar process will occur, even if the saturation harmonic had been correctly modeled during the commissioning process. This is shown in Fig. 8-2 , where an exact model for the saturationinduced harmonic is used, but a 20% error in the rotor resistance estimate used in the rotor flux estimator exists.
In practice, errors would always be expected to exist in both the machine parameters for the flux angle estimator and in the saturation-induced harmonic model. The presence of the coupling between flux angle estimation and rotor position estimation depends on whether the saturation-induced harmonics can be modeled as a function of measurable variables, e.g. the stator current, or are dependent on an estimated flux angle. Table 1 . A constant fundamental excitation frequency ω e = Fig. 9 shows the variation in the magnitude and phase of the 2ω e and −4ω e negative sequence harmonics for the fundamental current varying from the no load to approximately rated load condition and the slip frequency varying from zero to approximately its rated value using machine #1 in Table 1 . The 2ω e negative sequence harmonics are not shown for the case of zero slip, since for that case it coincides with the harmonic due to the engineered rotor saliency. It is noted that the machine was not operated using field oriented control. The goal of the experiment was to gain insight into how severe the coupling can be between the position estimation and the decoupling of the saturationinduced harmonics. Any major variation of a saturation-induced harmonic (either magnitude or phase) as a function of the fundamental current level (for constant slip) is not expected to be a major cause of errors in the decoupling since the fundamental current is a measured quantity. On the other hand, any variation of a saturation-induced harmonic as a function of the slip frequency (for constant fundamental current level) can lead to difficulty in minimizing estimation errors. This is because decoupling of these harmonics is dependent on having an accurate knowledge of the slip (field position), which, as shown in the previous section, is in turn dependent on the estimated rotor position, the quantity that the decoupling is attempting to improve.
Machines with minimal saturation-induced harmonics or ones that have a reduced dependency on the slip frequency would show the most promise. Specifically, for the machine shown in Fig. 9 , it is seen that the 2ω e component can accurately be decoupled since its magnitude and phase has a low dependence on the slip frequency. Opposite to this, the variation of the −4ω e harmonic, mainly its phase, is seen to be strongly dependent on the slip frequency. Accurate decoupling of this component is expected to be more problematic.
Similar experiments to that shown in Fig. 9 were performed on machines with similar power ratings (verification of these conclusions for larger machines is still needed), from these experiments some general conclusion can be made: § The variation in the magnitude and phase of a particular harmonic as a function of the stator current and slip frequency are usually smooth and therefore suitable to be stored in a look-up table. Any discontinuities seen in these variations are usually caused by the interaction with other harmonics, not by a sudden variation in a specific harmonic. An example of this is the 2ω e harmonic in Fig. 2 and 3 , which is corrupted by the 2ω r component for the case of zero slip. § The 2ω e harmonic was always found to be highly dependent on the stator current vector. Nevertheless, the results were not always as good as the results for machine #1, shown in Fig. 9 . Higher-order harmonics were systematically found to have a higher rate of variation as a function of the operating point. Therefore, it is expected that the decoupling of saturationinduced harmonics will be more sensitive to the accuracy of the harmonic model/look-up table as their order increases.
V. DYNAMIC BEHAVIOR OF SATURATION-INDUCED SALIENCIES
The look-up tables necessary for the implementation of the compensation technique analyzed in the previous sections were measured under specific, steady-state working conditions [9, 10, 13] . Though these look-up tables can be effective in decoupling saturation-induced saliencies during steady-state operation, it is not clear how changes the fluxes causing the saturation-induced saliencies should be handled. Before analyzing the dynamics of saturation-induced saliencies, it is important to consider other effects influencing the negative sequence carrier signal current during the transient operation of the machine, and specifically those coming from the transients in the fundamental current. Fig.  10 shows the q and d components of the negative sequence carrier signal current when a step variation is commanded in the stationary frame q-axis fundamental current. The transient in the fundamental current produces a large amount of content spread across the frequency spectrum, some of which coincides with the actual negative sequence carrier signal current. The magnitude of these components can be more than a full order of magnitude larger than the actual negative carrier signal current, as shown in Fig. 10b , usually producing an inadmissible disturbance to the negative sequence carrier signal current. Despite their noticeable magnitude, these components are easily decoupled using a fundamental current observer [14] . Once these components have been decoupled (Fig. 10c) , any variation in the negative sequence carrier signal current is due to saturation-induced saliencies or changes in the rotor position dependent saliency with current or flux level. Fig. 11c shows the negative sequence carrier signal current when the fundamental current changes as shown in Fig. 11a . It is noted that only current regulation was implemented, without field oriented control, with the q and d-axis quantities shown in a stationary reference frame. Fig. 11b shows the estimated rotor flux. Since the flux response is dominated by the rotor time constant, which is relatively large, its dynamics are definitely slower than those of the stator current. Even though all the fluxes present in the machine are expected to influence at a certain level the negative sequence carrier signal current, the fast dynamics of the negative sequence carrier signal current observed in Fig. 11c ) suggest that they are dominated by fast changing leakage fluxes rather than by the slowly changing magnetizing flux. This, again, supports the conclusion that stator leakage flux is a major contributor to the saturation-induced harmonics in the negative sequence carrier signal.
VI. CONCLUSIONS
The static and dynamic behavior of saturation-induced saliencies and the potential performance of carrier signal injection based sensorless techniques with the presence of secondary, parasitic saturation-induced harmonics has been analyzed in this paper. From this analysis, the following conclusions have been reached: § In the machines tested, the stator leakage flux was been found to be responsible for a majority of the saturationinduced harmonics. Even so, the magnetizing flux was also found to be a contributor, with the degree of influence varying from machine to machine. § The mutual dependence between rotor position estimation and field orientation can be a limiting factor for decoupling of the saturation-induced harmonics. This interdependence increases as the influence of the magnetizing flux in the creation of the saturation-induced saliencies increases. § A testing procedure to evaluate the suitability of different machine designs for use in carrier signal injection based sensorless applications has been established. 
